Introduction
It has been shown that single nuclear In the latter case, the nuclear reaction must occur in or near the sensitive part of an individual memory cell on the chip and it must be of a type that produces intensely ionizing fragments.5
Such proton-induced effects may be important in the inner radiation belt where intense fluxes of protons are trapped.6
Because of the basic differences in these two mechanisms, the estimation of single event effect rates has to be treated differently in each case. Petersen5 and Bradford7 have discussed theoretical methods for estimating soft upsets due to protons. The operational upset cross sections for protons have, by now, been measured for many devices. Bendel and Petersen8 discuss, elsewhere in this issue, a method for inferring the upset rates from such measurements and the trapped proton spectra reported for various spacecraft by the National Space Science Data Center.9
The method for estimating soft upset rates due to direct ionization by particles cominq from outside the spacecraft is given below.10," MeV/hole-electron pair in silicon)/(1.6 x 10-7 pC per hole-electron pair).
The Natural Particle Environment
The particle radiation environment has been modeled in the interplanetary medium12 and in the radiation belts.6
These models can be used to. calculate integral LET spectra13,14 using the method of Heinrich15 that include the contributions of all the elements in nature. The complete LET spectra for various interplanetary weather conditions are given in Fig. 1. Curves (a) and (b) show the environment, due to cosmic rays only at solar maximum and minimum, respectively. Curve (c) includes the contribution of cosmic rays and frequent small solar and interplanetary disturbances. This curve is constructed such that the particle flux should exceed these levels only 10 where f'(E') is the differential energy spectrum at the skin of the spacecraft. The exact method is much more complicated18. These spectra are quite different in appearance from those in the interplanetary medium. Below 5X102 MeV cm2/g, the spectra are dominated by the contribution from the direct ionization of trapped protons21. Above this LET, the spectrum results from particles that have penetrated the earth's magnetic field. At 300, no particle can reach the spacecraft at an energy below 1000 MeV/u, so every ion of the same element has almost the same LET. This produces the steps in the curve at 1.1X103, 1.5X103, 1.3X104 and 1.7X104 corresponding to the large drops in elemental abundance beyond iron, nickel, bismuth and uranium, respectively. At higher orbital inclinations, the earth's field permits lower energy particles to reach the spacecraft's orbit, causing the LET spectra to stretch out toward higher LET values. 10-8
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LET in MeV cm2/g Fig. 5 Integral LET spectra inside a spacecraft (with 0.17 g/cm2 aluminum walls) that is in a circular orbit at a 600 inclination.
The 90 percent worst case environment prevails in the interplanetary medium. The LET spectra are for various altitudes, as shown.
In Fig. 6 , this altitude survey has been extended to 10371 km at the same inclination and spacecraft wall thickness.
Below 5X102 MeV cm2/g, the LET spectra due to trapped protons22 go through a broad maximum in the 40QO to 6000 km altitude range. At higher values of LET, the flux increases by about an order of magnitude over this altitude range. increases, the LET spectra extend out to 1X105 MeV cm2/g. This is because ions slow down in the shielding and their LET increases. We can conclude that the combined effects of geomagnetic shielding and material shielding may be worse than geomagnetic shielding alone. This effect becomes pronounced at lesser shielding thicknesses for higher orbital inclinations up to 450.
All the LET spectra presented in this section are orbit-averaged spectra.
In fact, the LET spectrum at the spacecraft varies from point to point around orbit as the geomagnetic cutoff changes12,16. Figure 9 shows the geomagnetic cutoff as a function of mission time for a 210 inclination elliptical orbit with a perigee of 360 km and an apogee of 36000 km. For such an orbit, the LET spectrum varies from those shown in Fig. 8 at perigee (high cutoff) to the spectra in the interplatetary medium as shown in Figs. 1, 2 and 3 at apogee (low cutoff). As we can see from Fig. 9 , the spacecraft spends most of its time at low cutoffs (near apogee). Figure 8 shows the combined effects of geomagnetic and material shielding.
These LET spectra are for a 28.50 inclination orbit at 400 km. Note that for shielding thicknesses up to 0.5 inches (i.e., 3.4 Fig. 9 The vertical geomagnetic cutoff vs. mission time for a spacecraft in an elliptic orbit at 210 inclination with a perigee of 360 km and an apogee of 36000 km.
The Variation in Predicted Upset Rates
The variations in the LET spectra discussed in Section 2.0 are reflected in the upset rates calculated from Eqs. (1) and (2). al. 7 and discussions with the authors of that paper. Figure 10 shows that the upset rate does fall gradually and monotonically with shielding and that it is not strongly dependent on the environment in the interplanetary medium. Figure 11 shows the upset rate vs. shielding thickness for a SBP-9900 microprocessor in the same orbit and under the same environmental conditions. This is because the two devices sampleddifferent parts of the LET spectra. For the SBP 9900, the singly-ionized anomalous component14 makes the upset rate dramatically higher than the other two cases. Also note that the upset rate in the SBP 9900 is higher for 8 inches (55 g/cm2) of shielding than for 4 inches (27 g/cm ) regardless of environment. This is an effect of mixed magnetic and material shielding discussed earlier.
Upset rates will also vary dramatically with orbital inclination, altitude and interplanetary weather conditions. For devices like the SBP 9900 that are too insensitive to be upset by protons, the upset rate will increase monotonically with orbital altitude and orbital inclination angle. Devices that are sensitive to proton-induced upsets, the upset rate will increase dramatically with orbital altitude up to a broad maximum in the 3000 to 5000 km range and decrease again above that altitude. Beyond the inner magnetosphere, upset rates are expected to be highly variable. Flurries of upsets can be expected during large solar flare particle events.
In the inner magnetosphere, upset rates calculated with Eq. (1) will only be a lower limit on the actual rates. In part, this is because the additional upsets due to nuclear reactions caused by trapped protons have not been included. Even with the inclusion of the nuclear contribution, there is still the possibility that a large contribution to the upset rate is being made by trapPed heavy ions14 and/or the anomalous component14. Until these uncertainties have been resolved, there will be a risk of unforeseen high upset rates on spacecraft deployed in low earth orbit.
